The influence of the state of the bound nucleotide (ATP, ADP-Pi, or ADP) on the conformational free-energy landscape of actin is investigated. Nucleotide-dependent folding of the DNase-I binding (DB) loop in monomeric actin and the actin trimer is carried out using all-atom molecular dynamics (MD) calculations accelerated with a multiscale implementation of the metadynamics algorithm. Additionally, an investigation of the opening and closing of the actin nucleotide binding cleft is performed. Nucleotide-dependent free-energy profiles for all of these conformational changes are calculated within the framework of metadynamics. We find that in ADP-bound monomer, the folded and unfolded states of the DB loop have similar relative free-energy. This result helps explain the experimental difficulty in obtaining an ordered crystal structure for this region of monomeric actin. However, we find that in the ADP-bound actin trimer, the folded DB loop is stable and in a free-energy minimum. It is also demonstrated that the nucleotide binding cleft favors a closed conformation for the bound nucleotide in the ATP and ADP-Pi states, whereas the ADP state favors an open confirmation, both in the monomer and trimer. These results suggest a mechanism of allosteric interactions between the nucleotide binding cleft and the DB loop. This behavior is confirmed by an additional simulation that shows the folding free-energy as a function of the nucleotide cleft width, which demonstrates that the barrier for folding changes significantly depending on the value of the cleft width.
The influence of the state of the bound nucleotide (ATP, ADP-Pi, or ADP) on the conformational free-energy landscape of actin is investigated. Nucleotide-dependent folding of the DNase-I binding (DB) loop in monomeric actin and the actin trimer is carried out using all-atom molecular dynamics (MD) calculations accelerated with a multiscale implementation of the metadynamics algorithm. Additionally, an investigation of the opening and closing of the actin nucleotide binding cleft is performed. Nucleotide-dependent free-energy profiles for all of these conformational changes are calculated within the framework of metadynamics. We find that in ADP-bound monomer, the folded and unfolded states of the DB loop have similar relative free-energy. This result helps explain the experimental difficulty in obtaining an ordered crystal structure for this region of monomeric actin. However, we find that in the ADP-bound actin trimer, the folded DB loop is stable and in a free-energy minimum. It is also demonstrated that the nucleotide binding cleft favors a closed conformation for the bound nucleotide in the ATP and ADP-Pi states, whereas the ADP state favors an open confirmation, both in the monomer and trimer. These results suggest a mechanism of allosteric interactions between the nucleotide binding cleft and the DB loop. This behavior is confirmed by an additional simulation that shows the folding free-energy as a function of the nucleotide cleft width, which demonstrates that the barrier for folding changes significantly depending on the value of the cleft width.
cytoskeleton ͉ DNase binding loop ͉ filament ͉ protein folding A ctin is an abundant protein that is found in a variety of cell types and is important in a diverse set of cellular processes. Within eukaryotic cells, actin filaments confer shape and structure to the cytoskeleton, and the directed polymerization of the branched network of actin filaments is responsible for cell motility (1) . The structure and properties of the branched network of actin filaments in the cytoskeleton are regulated by ATP hydrolysis within the well-defined nucleotide-binding pocket of individual actin monomers (2) . In actin, ATP hydrolysis proceeds via a fast reaction step leading to the formation of ADP and bound phosphate (Pi). The ADP-Pi phase of actin is long-lived due to the slow release time of the Pi group (3) . Among other things, ATP hydrolysis leads to softening of actin filaments (4, 5) and preferential binding of depolymerization factors (6) . It follows that there is a substantial correlation between the properties of actin and the state of the bound nucleotide. Considerable research has therefore been devoted to quantifying the link between the state of the bound nucleotide and the structure of actin monomers (5, (7) (8) (9) (10) .
An interesting hypothesis has been proposed (7) concerning the relationship between actin structure and the state of the bound nucleotide. Actin monomers with bound ADP and labeled with tetramethylrhodamine (TMR) were found to adopt an ␣-helical conformation in residues 40-48, i.e., the so-called DNase-I binding loop (DB loop), whereas this region is disordered in ATP-bound actin (7) . This finding led to the proposal that the DB loop folds on ATP hydrolysis. However, Rould et al. (8) found that the DB loop was disordered in another crystal form of both ATP-and ADP-actin and concluded that fortuitous contacts stabilized the ␣-helical DB loop in the crystals of rhodamine-ADP-actin. They concluded that the origin of nucleotide-dependent properties lies in a controlled opening of the binding cleft itself. This view is also supported by a previous study by Belmont et al. (11) , and the proposed ␥-phosphate timing mechanism (12, 13) is related to kinesins and G proteins in general.
A further consideration is that ATP hydrolysis is Ͼ40,000 times faster inside of the actin filament compared with isolated monomer (14) . Therefore, the ADP and ADP-Pi forms of actin are believed to be much more relevant to the dynamics of the actin trimer and filament. If the DB loop does in fact undergo structural rearrangement on hydrolysis, it is far more likely to be important in the filament compared with the monomer. It is also conceivable that the hydrophobic pocket in adjacent actin monomers to which the DB loop binds could provide the ''fortuitous contacts'' that promote the proposed folding event (7). Unfortunately, there are no published crystal structures of the actin trimer or filament. Moreover, direct observation of the folding of ␣ helices is challenging to observe both from the point of view of experiment and computation. Any computational investigation of these events should likely be fully atomistic in character, owing to the fact that solvent effects are likely to play a role both in the stability of the binding pocket and the small ␣-helical DB loop. Whereas experimental techniques suffer from the lack of a high-resolution crystal structure of actin filaments (15) , sufficiently detailed all-atom computational techniques such as molecular dynamics (MD) are not able to sample long enough time scales to observe key folding events even within the actin monomer (10), because folding occurs on the microsecond timescale or longer. Additionally, various MD studies of actin or actin-related proteins have reported the nucleotide binding cleft in open and closed positions over simulation times ranging from 2-50 ns (5, 9, 16) , but these studies have not explicitly simulated the opening and closing process.
Recently, however, a number of methods have been introduced (17) (18) (19) (20) (21) (22) (23) to overcome the issue of sampling rare events in molecular simulations. Specific to the study of protein folding, a number of approaches have been used including replica exchange (24) , transition path sampling (25) , and massively distributed computing (26) . In particular, here we focus on metadynamics (18, 27) , wherein accelerated sampling is accomplished by biasing the system through the addition to the potential energy function a sum of repulsive Gaussian terms based on certain descriptors also called collective variables (CVs) that approximately describe the real ''reaction coordinate.'' Therefore, if a set of CVs are able to discriminate between two or more states of interest, metadynamics provides a computationally efficient route to exploring those states in a single simulation. Moreover, a defining feature of metadynamics lies in the fact that under certain conditions the history-dependent potential of Gaussian functions provides a good estimate of the free-energy of the system projected into the CVs (28, 29) . Metadynamics has been successfully used so far to study several aspects of protein folding (30) (31) (32) .
Herein an investigation of nucleotide state-dependent effects on the conformational states of the actin monomer and trimer is presented. Application of metadynamics to MD simulations of actin shows that the state of the nucleotide bound to the cleft influences both the width of the cleft and the conformation of the DB loop. The effect of the bound nucleotide on the relative free-energy differences between the stable conformational states has also been estimated. Metadynamics simulations have been performed on the ATP, ADP-Pi, and ADP states of actin in both the monomer and trimer. The metadynamics simulations also reveal a distinct allosteric relationship between the width of the bound nucleotide and the conformation of the DB loop.
Results
Opening and Closing of the Actin Nucleotide Binding Cleft. Metadynamics simulations were first performed to investigate the relationship between the width of the nucleotide binding cleft and the state of the bound nucleotide as depicted schematically in Fig. 1 . The results for monomeric actin are shown in Fig. 2 as a function of the bound nucleotide. The most stable state, i.e., the region with the lowest free-energy, is the darkest color. The plots show a clear trend in the cleft width as a function of the bound nucleotide. In the ATP-bound state, the most stable state is a closed conformation, with strong contact between the nucleotide's P ␤ atom and the protein backbone. After ATP hydrolysis (ADP-Pi phase), the phosphate portion of the nucleotide loses its contact with the protein, and the most stable state becomes slightly more closed with respect to the distance defined in the methods section (i.e., the COM distance between residue nos. 14-16 and 156-158). The binding cleft of the ADP-Pi form becomes more closed than the ATP form because of the loss of contacts between phosphate groups and the protein backbone, as seen by the shift in the value of the contact number. In contrast, in the ATP form, the ␤-and ␥-phosphates are positioned between each side of the binding cleft. Finally, after the release of the Pi group, the cleft is more stable in an open conformation. It can be seen that bound Pi group is responsible for the stabilization of the closed state, given that both the ADP-Pi and ADP phases are most stable when there is no contact between the ␤-phosphate group of the nucleotide and the binding cleft. The metadynamics simulations completely and reversibly explore the phase space defined by the full-range of the opening and closing CVs and, in the case of ATP and ADP monomeric actin, a few other metastable minima are located. Although the other minima found in these simulations are higher in free-energy by only a few kcal/mol, these regions are separated from any other metastable minima by relatively large barriers. It is particularly important that the ADP-Pi state is found in a closed conformation as was proposed in ref. 33, although not yet supported by high-resolution experimental structures or computer modeling.
It is also interesting to compare the most stable states found by metadynamics simulation with the experimental values avail- able from high-resolution crystal structures. Table S1 contains a detailed comparison of the value of each CV in 2 ATP-bound monomeric actin structures (PDB entries 1ATN and 1NWK; refs. 48 and 49, respectively), ADP-bound actin (PDB entry 1J6Z; ref. 7) , and those CV that would be obtained from a representative structure of actin-related protein (Arp) 3 (PDB entry 2P9S; ref. 34) . Arp3 is a subunit of the Arp2/3 complex that has very similar structure to monomeric actin. It forms the first subunit of a branched daughter filament in the actin cytoskeleton (35) , and there is a well-established link between its open and closed forms and the bound nucleotide (9, 16) . As seen in the table, the ATP-bound form from metadynamics is more open than the crystal structures, but the difference is within the reported resolution. The most stable state from metadynamics of actin in the ADP form is more open than the corresponding experimental value. We note that for the clearest comparison possible, our metadynamics simulations of ADP monomeric actin were performed with the DB loop region unfolded. To determine whether there is any major correlation between the secondary structure of the DB loop and the opening and closing of the binding cleft, the same simulation was performed on the 1J6Z crystal structure that shows the DB loop in the folded state. The comparison between the 2 forms is given in Fig. S1 . The results show an open form of the ADP state is the most stable form for both conformations of the DB loop, indicating that the most favored states are similar in both forms.
The same simulations were also performed for the actin trimer with the 3 different types of bound nucleotide. ATP hydrolysis in actin is much faster in the filament (14) , so elucidation of nucleotide-dependent opening and closing effects must include an extension to these multiactin structures. The free-energy profiles for the trimer are given in Fig. S2 . It is noted that within the trimer, metadynamics was only performed on 1 of the actin monomers (identified in Fig. 1 ). Overall, opening and closing of the nucleotide binding cleft is not greatly affected by the presence of 2 bound actin subunits. The similarities in the cleft width trends for the monomer and trimer indicate that the cleft width is a signature of the state of the bound nucleotide, but not a means by which the propensity for ATP hydrolysis can be determined. It is noted that the opening and closing simulations in the trimer were performed within the Holmes filament model as discussed in SI Text.
Folding of the DB Loop Region Through Metadynamics. Using the path-based CVs outlined in Methods, the nucleotide statedependent folding of the DB loop region was next investigated. Following the procedure outlined in SI Text, an optimized reference path was first obtained. We then used the reference path to study folding of the DB loop and nucleotide statedependent effects. For the monomeric actin system, the freeenergy profiles obtained for all 3-nucleotide states are given in Fig. 3 , along with representative structures for the folded, unfolded, and relevant transition states. Because no unusual features in the distance (z) CV were observed on the 2D free-energy surfaces, the profiles are a projection of both CVs onto the collective variable progress (s) only. It was found that all folding events observed in this study follow a characteristic nucleation-condensation mechanism for folding (36) . The first barrier to overcome in the folding process (Fig. 3, point TS1) is a rotation of MET44 around the backbone leading to the formation of a general coiled shape, which can be seen as a nucleation step where a dense packaging is retrieved. After this step another barrier (Fig. 3, point TS2) , corresponding to a concerted rotation of residues GLY46 and MET47, must be overcome to achieve the correct fold matching the published crystal structure of DB loop in the folded state, i.e., the condensation step. The condensation step is required to achieve the full network of hydrogen bonds following the i Ϫ (i ϩ 4) pattern for ␣-helices. Overall, the match between the folded DB loop obtained from metadynamics and that published in the 1J6Z crystal structure is very good. For example, by comparing only the DB loop region, the RMSD (C ␣ atoms) between simulation and experiment is Ͻ0.6 Å, whereas by comparing the entire protein (ADP-bound), the agreement of our structure with the crystal structure is 1.55 Å, which is approximately the reported experimental resolution. Although the final point on our reference path is the folded DB loop region itself, it is not guaranteed that the DB loop will fold during a metadynamics simulation. It is an indication of the accuracy of our proposed reaction coordinate (reference path) that the simulation reached the folded state during the simulation.
As seen in Fig. 3 , there is a clear dependence of the folding free-energy profile on the state of the bound nucleotide. In ATP monomeric actin, folding proceeds through a high-energy intermediate, although the folded state ultimately resides in a stable free-energy minimum. The ADP-Pi state has a thermodynamic driving force to pass through the nucleation step. However, the actual folded state is a shallow local free-energy minimum. Finally, the folded basin in that ADP state is deep and well defined.
The folding of the DB loop region was also investigated within the actin trimer. The same procedure as in monomeric actin was followed to obtain the folding free-energy profiles for each of the 3 types of bound nucleotide. The profiles for folding in the trimer are shown in Fig. 4 for both the Holmes (37) and Oda (38) filament models (further details are provided in SI Text). As shown Fig. 4 , the state of the bound nucleotide also clearly influences the DB loop folding free-energy profile as in monomeric actin. Although all 3 systems still possess an inherent nucleation-condensation type folding character, the 3 profiles show distinct behavior from one another. In particular, it is interesting to see that in the ADP-Pi phase (also considered the most populated state of filamentous actin; ref. 39 ) the barrier for the folding nucleation event is reduced by nearly a factor of 2. Additionally, it can be seen that although the folding event is possible in the ATP trimer, the folded state is not stabilized to an appreciable degree. By contrast, the folded state within the ADP trimer is well-defined and stabilized by a deep well. The folding free-energy profiles for the 2 types of filament model have generally similar features with a few key differences. In the ATP form, the folded state in the Oda model is less stabilized than the unfolded state, although the overall barrier for folding is still high. In the ADP-bound Oda trimer, the barrier for the nucleation event is lower by Ϸ5 kcal/mol, and the folded state is more stabilized than the Holmes model. Oda et al. (38) reported that the folded DB loop in the actin filament could explain some of the low-resolution portions of the diffraction pattern in understanding the actin filaments structure, so it is particularly interesting to see the increased thermodynamic efficacy of folding of the DB loop within the Oda actin trimer.
The free-energy profiles presented in Figs. 3 and 4 demonstrate that the state of the bound nucleotide is able to modulate the folding free-energy profile. To better identify and quantify the allosteric interactions between the DB loop conformation and the bound nucleotide, an additional metadynamics simulation was performed. Using both the cleft-width collective variable and the path collective variable s (which measures the progress along the folding pathway) a 2D free-energy surface was obtained as shown in Fig. 5 . This calculation proved to be very computationally expensive, therefore only the ADP actin monomer was used and only the coarse region (i.e., the nucleation region) of the folding pathway was investigated. As seen in To further understand the basis for the nucleotide dependent folding, principal component analysis (PCA) was performed on each of the 3 structures in the unfolded configuration. Details of the PCA calculations are provided in SI Text. The results from these calculations show a strong correlation between the features of the lowest eigenvector of the covariance matrix (a signature of the dominant motion being sampled) and the bound nucleotide. Fig. S3 shows the lowest eigenvector as a function of the bound nucleotide and the residue number of the protein. In the ATP state, the lowest eigenvector has a peak in the DB loop region (labeled in Fig. S3 ) and is relatively flat everywhere else. By contrast, the ADP-Pi and ADP states have a much smaller peak in the DB loop region, comparable to the other peaks in the graph. Moreover, the features of the binding cleft (labeled in Fig.  S3 ) are identifiable in the ADP-Pi and ADP states. These results reveal correlation between the dynamics of the DB loop region and the state of the bound nucleotide. This correlation is also consistent with a previous coarse-grained study that found the dynamics of the DB loop region in ATP monomeric actin to be distinct from the rest of the protein (40) .
To verify that the observed basins and transition states were not artifacts of the path procedure, we performed a committor analysis (41) on the second transition state, i.e., the condensation portion of the pathway. This analysis was done with a small model DB loop system (described in SI Text) designed to reproduce the essential features of the constrained folding process. As seen in Fig. S4 , the point of 50% commitment, i.e., the definition of a dynamical transition state, falls approximately within k B T of the saddle point, indicating that the actual dynamical transition state is very close to the transition state observed in metadynamics. Technical details regarding the committor calculation are provided in SI Text.
Additionally, the small model DB loop system was used to perform 5 metadynamics folding simulations with alanine substituting for key residues within the DB loop. The purpose of these simulations was to provide experimental targets for point substitutions, and to verify our findings regarding the key residues in the folding process. The results from the ALA substitutions are given in Table S2 , which shows the ratio of the free-energy difference between the folded and unfolded states of each mutant compared with the wild-type. Both of the methionine residues in the DB loop (positions 44 and 47) are considered to be important because of their general propensity for ␣ helical conformation (42) and to their specific role in the nucleation process in the folding of the DB loop. Moreover, the long side chains from these residues are able to interact with the n ϩ 2 subunit in the actin filament. It is therefore interesting to 5 . Free-energy profile for combined metadynamics simulation by using both the cleft width collective variable and the path collective variable (s). The isolines are drawn using a 1-kcal/mol spacing, and the energy scale is in kcal/mol. The collective variables are described in Results.
see that the M44A substitution has the largest effect on the folding process, increasing the free-energy of the folded state almost 4-fold compared with the wild-type. Glycine is the least favorable residue to be found in an ␣-helix (42); it is somewhat surprising, therefore, to see that the G42A and G46A substitutions increase the free-energy of the folded state compared with the wild-type. The 2 GLY residues in the DB loop region (positions 42 and 46) evidently confer some required flexibility to the DB loop region that is required for the constrained folding process.
Discussion
Based on the findings presented in Results, we can draw some key insights into the nucleotide-dependent structural properties of actin and multi-actin structures. Specifically, we are able to use the atomically detailed free-energy picture of the opening and closing and DB loop folding events within the monomer and trimer to address several key questions.
What Is the Native State of the DB Loop Region in Monomeric
ADP-Bound Actin? Given the controversy over the structure of the DB loop region, it was a goal of this work to use metadynamics to try to determine the most probable structure. Because the simulations performed in this work were carried out in the full solvent environment and did not have (or require) labeling with TMR, the folding results can be considered to represent that of actin in conditions not affected by the labeling environment. It was shown (cf., Fig. 3 ) that the folding of the DB loop within TMR-free ADP monomeric actin is thermodynamically feasible. Moreover, the folded state is well defined and has a stable minimum on the free-energy surface. It is noteworthy that the folding free-energy profile for the ADP state in fact has several stable minima. This finding suggests an equilibrium exists between the 3 states and helps explain why the region is disordered in some monomeric actin crystal structures. It was proposed (8) that the helical form of the DB loop in ADP actin was the result of specific crystal packing interactions between actin monomers. However, given that we find a stable DB loop region with similar free-energy to the unfolded state, we propose that the DB loop region in monomeric ADP-bound actin will be found in both the folded and unfolded states under realistic conditions. Additionally, the present computational mutation studies (cf., Table S2 ) suggest a series of experiments that could be performed in the future to further understand the conformational properties of the DB loop.
Does ATP Hydrolysis Effect the Structure of the DB Loop in Actin?
A central challenge since the publication of the first ADP-bound actin structure with a folded DB loop region (7) has been to determine the origin of this apparent nucleotide dependence of the DB loop conformational states. As seen in Figs. 3 and 4 , a clear dependence of the folding free-energy profile on the bound nucleotide of actin has been demonstrated. Based on the PCA analysis performed in this work (cf., Fig. S5 ), we found a prevalent correlation between the state of the bound nucleotide and the dynamics of the DB loop region. Furthermore, an additional metadynamics calculation (Fig. 5) revealed that the barrier height of the early stages of folding (i.e., nucleation) depends on the width of the cleft of monomeric actin. This finding provides a plausible allosteric interaction between the DB loop and the bound nucleotide. Namely, the state of the nucleotide regulates the equilibrium cleft width (cf., Fig. 2 ), which in turn regulates the barrier height for nucleation in the folding pathway (cf., Fig. 5 ). These results support the idea that the bound nucleotide in actin can function as an allosteric regulator of the DB loop conformation.
What Is the Relationship Between the Conformation of the DB Loop
and Actin-Actin Interactions? The discovery of the folded DB loop within ADP actin led to the idea that the folding of this region changes actin-actin interactions in the filament, thereby providing the basis for nucleotide-dependent properties in actin (7) . The feasibility of this hypothesis was demonstrated by Chu and Voth who used MD calculations (5) and coarse-grained modeling (43) to show how the persistence length of filamentous actin can decrease after ATP hydrolysis and DB loop folding. Herein we have shown that nucleotide-dependent folding of the DB loop region is indeed energetically feasible in the actin trimer. It is noteworthy that the DB loop folding free-energy profile in ADP-Pi actin, the most populated state of actin because of fast hydrolysis and slow Pi release, has a significantly lower freeenergy barrier for the nucleation step of the DB loop folding process. In contrast, the DB loop nucleation step in the ATP trimer has a large barrier, and, moreover, the folded state in the ATP trimer has no appreciable free-energy basin. Furthermore, we observe that in the ADP actin trimer, the folded DB loop is stabilized in a well-defined free-energy basin. This observation is consistent with previous work (5, 43, 44) suggesting that, in actin filaments, the helical form of the DB loop leads to a softer filament with a reduced persistence length. The results imply that the interactions in the filament between the DB loop in a neighboring actin subunit change the free-energy landscape for folding compared with the isolated monomer.
Methods
All MD calculations were performed by using NAMD 2.6 (45) in conjunction with the AMBER99SB (46) force field. Standard procedure was used and a detailed description of the MD system preparation and simulation protocol is provided in SI Text. The CVs used in the metadynamics studies in this work were chosen according to the specific problem. The 2 regions of actin where metadynamics was applied are illustrated in Fig. 1 B and C. The quality of results obtained via metadynamics is related to the ability of CVs to discriminate between the states of interest. Previous studies of actin used the distance between the C␣ atoms of residues that span the nucleotide binding cleft to describe open and closed conformations [the residue pairs 15/157 and 14/158 were used in actin (9) , and a similar convention was used for Arp2 (16) and Arp3 (9, 16) ]. To study the opening and closing of the nucleotide binding cleft, 2 CVs were used. Inspired by the previous studies the open and closed conformations of actin, we used the center-of-mass (COM) distance of the 2 lobes (residues 14 -16 and 156 -158) of the protein constituting the binding cleft. Additionally, we used metadynamics to study the propensity of the phosphate groups of the bound nucleotide to remain bound to the protein. Therefore, the number of contacts between the beta phosphate atom and the protein was also used as a CV. These CVs are calculated from the geometry of the system in a straightforward manner. Further details regarding their application are provided in SI Text.
Protein folding is a challenging problem to study with biasing methods because of the difficulty in developing CVs that both describe the unfolded and folded states and provide sufficient bias to travel between the folded and unfolded states. To simulate the folding of the DB loop region, we have used the recently introduced path-based CVs (47):
These CVs function by comparing the configuration of the DB loop (R), at any moment during the simulation, to a reference pathway that describes the folding process (R i). The CVs are unique in their ability to sample s and z along some reference path composed of P frames (the quantity is a metric of the interframe spacing). The index i in Eqs. 1 and 2 refers to the ith frame along the reference pathway. By convention, i ϭ 1 refers to the unfolded state, and i ϭ P (30 in the present study) refers to the folded state. At any given moment during the simulation the coordinates R can be used to determine a unique value for s, the progress along the folding pathway, which ranges from 1 to P. Additionally, the distance away from the reference pathway (R ϭ Ri or by definition z ϭ 0) is determined by Eq. 2. Thus, the variables s and z together define a tube of configuration space that is centered on the reference pathway. The object of metadynamics with the path-based CVs, therefore, is to sample this tube of configuration space and provide a free-energy profile for the folding pathway. Additionally, we discovered in the course of establishing the reference path that the folding of the DB loop proceeds through a series of large (with respect to the interframe RMSD chosen as the measure for distance between frames) movements of the backbone and side chains followed by a series of very short-range motions of 2 key residues. In other words, the first part of the folding process is characterized by comparatively large changes in the RMSD between 2 adjacent frames Ri/Ri ϩ 1, whereas the second part of the folding process, characterized by fine motions, requires more frames to describe the small changes in the RMSD between adjacent frames. In practical terms, the required number of frames (i.e., resolution) to accurately sample the folding pathways was observed to change as a function of the progress along the pathway. Given that the computational cost for the calculation of the pathbased CVs would be exceedingly high by using the highest resolution needed, we have developed a multiscale implementation of the path-based metadynamics approach according to the scales of the different features of this folding event. In this spirit, the system is divided into a coarse-grained and fine-grained region, and the simulation is performed with a large enough overlap between the 2 regions that the free-energy surfaces can be matched through rescaling of the s parameters by the ratio of the compression factors between the 2 paths. In this way, a free-energy surface for the entire folding event can be produced. This method proved to be very robust and worked well for all systems studied for the folding of the DB loop. A detailed description of how the reference path for folding was obtained and further details of the metadynamics simulations (including a description of the convergence criteria and error estimation) are given in SI Text.
